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© System for correcting an aberration in an optical system. 



© An optical system has an image producing ele- 
ment (7), and an aberration detector (13,17) for de- 
tecting an aberration in the optical system for pro- 
ducing a correcting signal. A transparent liquid cry- 
stal panel (5) is provided in the optical system. The 



liquid crystal panel has a plurality of pixels arranged 
in the form of a matrix. "Tie correcting signal is 
applied to electrodes (9) of fie pixels for changing 
the refractive index in the pixel for correcting the 
aberration. 
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BACKGROUND OF THE INVENTION 

The present invention relates to an optical sys- 
tem such as a camera, telescope, and liquid crystal 
projector, and more particularly to a system for 
correcting an aberration in the optical system such 
as an image production optics and an image detec- 
tion optics. 

In a conventional optical system, size and re- 
fractive index of an optical element, such as a lens, 
prism and reflecting mirror, is fixed so as to obtain 
the best clear image or picture under a specific 
condition. However, in particular, in a high resolu- 
tion astronomical telescope system, since fluctu- 
ation of air density in the atmosphere, such as 
fluctuation of an optical path, is large, aberration 
occurs because of the turbulence in direction and 
phase of the transmitting light ray. Therefore, it is 
necessary to correct the aberration for obtaining 
the best image. 

Fig. 4 shows a conventional optical system. 
The incident rays 1 are affected by fluctuation 3 so 
that the rays 1 can not converge on a point by an 
image producing lens 7. Thus, a sharply focused 
image can not be formed. 

"Applied Optics", volume 28, No. 24, 15 De- 
cember 1989, pages 5326 to 5332 discloses an 
optical system having a segmented mirror system 
for solving the above described problem. 

Figs. 5a and 5b show such an aberration con- 
trol system with a segmented mirror. As shown in 
Fig. 5a, a segmented mirror 27 comprises seven 
hexagonal segments 29. The angular disposition of 
each segment with respect to the light rays can be 
changed by actuators (not Shown). As shown in 
Fig. 5b, the segmented mirror 27 is disposed be- 
fore the image producing lens 7. 

The optical system is provided with an image 
detecting device 13a for detecting an image ob- 
tained by the lens 7 and producing a picture signal 
15a which is applied to an arithmetic device 17a. 
The picture signal 15a includes information of fluc- 
tuation of the optical path in the atmosphere. The 
arithmetic device 17a produces a correcting signal 
19a which is applied to a mirror driving circuit 31. 
The mirror driving circuit 31 produces a mirror 
driving signal 33 which is applied to the actuators 
of the segmented mirror 27 for controlling the posi- 
tion of each segment 29. 

When the incident rays 1 are affected by the 
fluctuation 3 of the atmosphere, the advancing di- 
rection and the phase (wavefront) of the incident 
rays 1 are disturbed. The incident rays 1 disturbed 
by the fluctuation 3 are reflected on the segment 
29. In accordance with the mirror driving signal 33, 
the actuator controls the position of each segment 
29 for correcting the aberration caused by the 
disturbance of the incident ray 1 . 



949 A1 2 



However, the system is provided with a plural- 
ity of actuators and motors for operating the ac- 
tuators. Consequently, the system is complicated 
in construction, which causes the response of the 
5 system to reduce. If the segments are suddenly 
moved, the segments may be deformed. Further, 
such a system can not be used in an optical 
system of a light ray transmitting type. 

10 SUMMARY OF THE INVENTION 

The object of the present invention is to pro- 
vide an optical system which may correct the ab- 
erration with a simple system having a good re- 

15 sponse, and may be available for various types of 
optical systems. 

According to the present invention, there is 
provided a system for correcting an aberration in 
an optical system having an image producing ele- 

20 ment, aberration detecting means for detecting the 
aberration in the optical system for producing a 
correcting signal, correcting means responsive to 
the correcting signal for correcting the aberration. 
The correcting system comprises the correct- 

25 ing means including a liquid crystal panel as a 
spatial light modulator, the liquid crystal panel hav- 
ing a plurality of pixels arranged in the form of a 
matrix layer, each of pixels having ain individually 
driven electrode, driving means responsive to the 

30 correcting signal for producing a driving signal 
which is applied to selected electrodes for chang- 
ing refractive index of each pixel so as to correct 
the aberration. 

In an aspect of the invention, the liquid crystal 

35 panel is transparent, and disposed at either of an 
entrance pupil, exit pupil or iris or stop of the 
optical system. 

The system further comprises a polarizer dis- 
posed in front of the liquid crystal panel, the liquid 

40 crystal panel being aligned in the same direction as 
the polarizer. 

These and other objects and features of the 
present invention will become more apparent from 
the following detailed description with reference to 

45 the accompanying drawings. 

BRIEF DESCRIPTION OF DRAWINGS 

Fig. 1 is a schematic diagram showing an op- 
tical system according to the present invention; 

so Fig. 2 is a schematic diagram showing a second 
embodiment of the present invention; 
Fig. 3 is a schematic diagram showing a third 
embodiment of the present invention; 
Fig. 4 is a schematic diagram of a conventional 

55 optical system; 

Figs. 5a and 5b are schematic diagrams show- 
ing a conventional aberration control system; 
and 
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Figs. 6a to 6c are illustrations for explaining the 
controlling of refraction index in a liquid crystal 
cell. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Referring to Fig. 1, an optical system of the 
present invention has the image producing lens 7, 
and a transparent liquid crystal panel 5 disposed 
before the lens 7 for correcting the aberration in 
the system. The liquid crystal panel 5 comprises a 
liquid crystal material 11 sealed between opposite 
transparent plates and a plurality of individual elec- 
trodes 9 for pixels and a common electrode (not 
shown) opposite the individual electrode. The pix- 
els are arranged in the form of a matrix. 

It is desirable to dispose the liquid crystal 
panel. 5 at the entrance pupil, the exit pupil, or a 
stop position provided in the optical system, or 
adjacent either of them. Since the image has the 
Fourier transformation relation to the pupil function, 
the pupil function can be easily determined by the 
image, which will be described hereinafter. 

Referring to Figs. 6a to 6c, the controlling of 
refractive index in a liquid crystal cell will be de- 
scribed hereinafter. A liquid crystal material having 
a plurality of molecules 39 which are parallelly 
aligned is sealed between opposite conductive 
films 35. 

Fig. 6a shows the liquid crystal cell to which no 
voltage is applied. The long axis of each liquid 
crystal molecule 39 is approximately perpendicular 
to an optical axis 37. 

In Fig. 6c, a sufficient large voltage V2 is 
applied from a source 41 to the liquid crystal 
molecules 39 in the cell through conductive films 
35. The long axis of each, molecule 39 is parallel 
with the optical axis 37. 

As shown in Fig. 6b, if a lower voltage V1 than 
voltage v*2 is applied, the molecules 39 are ar- 
ranged in an intermediate position between the 
positions of Figs. 6a and 6c. 

The refractive index in the liquid crystal cell is 
inherently determined with the type of the cell. For 
example, in a nematic liquid crystal cell, the refrac- 
tive index in the direction of the long axis is larger 
than that of the short axis direction. The refractive 
Index of the light wave in the optical axis direction 
increases from Figs. 6a to Fig. 6c. The angle of 
refraction of the light changes with the refractive 
index in accordance with the Sneirs law. Namely, 
the advancing direction of the light, from a point of 
view of the geometric optics can be changed, and 
hence the phase of the light wave from a point of 
view of the wave optics, can be changed by chang- 
ing the refractive index. 

In order to detect and correct the aberration, 
the optical system is provided with an image de- 



tecting device 13, an arithmetic device 17, a liquid 
crystal driving circuit 21 connected to the 
arithmetic device 17, for driving the pixel elec- 
trodes 9 in the liquid crystal panel 5. 

5 The parallel incident rays 1 from the infinity 

encounter the image producing lens 7 through the 
transparent liquid crystal panel 5 to converge to 
form an image at a point. However, the advancing 
directions and the phases of the rays 1 are partly 

10 disturbed by the fluctuation 3. The system of the 
present invention gives a proper refractive index 
distribution to the liquid crystal material 11 through 
the electrodes 9 for partly changing the direction 
and phase of the ray 1 transmitting the panel 5 so 

is as to compensate the aberration, thereby converg- 
ing the rays 1 on a point by the lens 7 for obtaining 
a clear image. 

Describing the correction of the aberration, if a 
well known picture such as a star is detected in an 

20 image formed by the image detecting device 13, a 
picture signal 15 based on the known picture is 
applied to the arithmetic device 1 7. The arithmetic 
device 17 compares the picture signal 15 with an 
accurate reference picture signal for the formed 

25 known picture. From the comparison, the arithmetic 
device 17 calculates the deviation of the phase of 
the light wave at a point on the optical path such as 
the position of the entrance pupil or the exit pupil, 
so that the magnitude of the aberration can be 

30 obtained. A correcting signal 19 is applied to the 
liquid crystal driving circuit 21. The circuit 21 pro- 
duces a liquid crystal driving signal 23 which is 
applied to the pixel electrodes 9 in the liquid cry- 
stal panel 5 for correcting the refractive index in 

35 each pixel in the panel 5. Thus, the deviation of the 
phase of the light wave transmitting each pixel is 
independently corrected, thereby correcting the ab- 
erration. 

If a known picture is not detected, such a 

40 method that the spatial frequency of the Image 
becomes the largest value is used. If a detected 
aberration does not change with time, a correcting 
data for the aberration is stored in a memory. 

Referring to Fig. 2 showing the second em- 

45 bodiment of the present invention, an optical sys- 
tem is provided with the segmented mirror 27 
comprising a plurality of hexagonal segments 29. A 
liquid crystal single cell 25 is secured to each of 
the segments 29 for correcting the aberration. 

50 Thus, the segmented mirror 27 is served as a 
reflection type liquid crystal panel. The refractive 
index in each cell 25 is controlled in the same 
manner as the first embodiment, thereby control- 
ling the angle of refraction and phase of the ray. 

55 Alternatively, a liquid crystal panel of the re- 

flective type having a plurality of pixels can be 
used. 

Fig. 3 shows the third embodiment which is 
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designed for observing the earth from an artificial 
satellite with a telescope mounted thereon. 

In the first and second embodiments of Figs. 1 
and 2, the optical systems are described based on 
the geometric optics in for easily understanding the 
conception of the invention. However, actually, it is 
important to correct the aberration caused by fluc- 
tuation of the phase. Accordingly, the third embodi- 
ment will be described based on the wave optics. 

The optical system of the telescope comprises 
an objective 45. an eyepiece 43, a parallelly 
aligned liquid crystal panel 49 provided behind the 
eyepiece 43, interposing a polarizer 47. The liquid 
crystal panel 49 is aligned in the same direction as 
the polarizing direction of the polarizer 47. Con- 
sequently, the component which does not coincide 
with the alignment direction is cut, so that the 
signal-to-noise ratio (SNR) is improved. 

In accordance with the liquid crystal driving 
signal 23 from the liquid crystal driving circuit 21 . 
the refractive index in the liquid crystal is con- 
trolled. The phases of the rays transmitting the 
panel 49 are partly controlled, thereby correcting 
the aberration. 

Describing more in detail, if the phase of the 
light ray transmitting a pixel P in the panel 49 is 
deflected by A^ because of the aberration gen- 
erated in the optical path of the optical system, the 
value A<£ and the position of the pixel P are cal- 
culated or inferred in the devices 1 3 and 1 7 to 
produce a correcting signal 19b. The correcting 
signal 19b is applied to the liquid crystal driving 
circuit 21. In accordance with the signal 23 from 
the circuit 21, the refractive index in the pixel P is 
changed by An so as to satisfy And = -A0, where 
d is the thickness of the liquid crystal layer material 
1 1 of the panel 49. 

In the calculation of the condition of the light 
wave at the position of the entrance pupil or the 
exit pupil, the pupil function has a relation of the 
Fourier transformation with respect to the complex 
amplitude distribution of the image. Generally, the 
image detecting device can detect the luminous 
intensity of the light wave, but can not detect the 
phase. Consequently, the pupil function can not be 
obtained by the Fourier transformation of the am- 
plitude distribution of the image detected by the 
image detecting device. Therefore, it is necessary 
to obtain the phase from the amplitude distribution 
of the image. There are various methods for obtain- 
ing the phase, for example an algorithm by Gerch- 
berg Saxton (Optik, volume 34, 1971, page 275) 
and a zero-point method by Honders (Journal of 
Mathematical Physics, volume 16, 1975, page 
1719). 

In accordance with the present invention, it is 
possible to successively correct the aberration gen- 
erated in the optical system because of the fluc- 



tuation of the atmosphere. Further, it is possible to 
correct the aberration due to optical elements such 
as s lens and a mirror in the optical system. 
Conveniently, the liquid crystal panel is disposed at 
s the position of the exit pupil. 

It is necessary to control the phase of the light 
wave with a very small value less than the 
wavelength, that is the order of the submicron. It is 
difficult to mechanically move the segmented mir- 
10 ror of the prior art shown in Fig. 5b with such a 
small value. In the system of the present invention, 
since the refractive index in the liquid crystal cell is 
electronically changed, the phase of the light wave 
can be easily controlled. In the liquid crystal dis- 
15 play panel having about 250,000 pixels, the phase 
of the light wave can be controlled about -n to 2tt at 
the response time of 50 to 100 ms. 

The system of the present invention can be 
effectively employed in an optical system provided 
20 in liquid, or in an optical system provided in a laser 
beam printer or a measuring device each having a 
heater in or near the optical path, for correcting the 
phase of the optical path. 

In the above described system of the present 
25 invention, the aberration detecting system and the 
correcting system are provided in one optical sys- 
tem. Alternatively, two optical systems are sepa- 
rately provided for the detecting system and the 
correcting system. 
30 While the invention has been described in con- 

junction with preferred specific embodiments there- 
of, it will be understood that this description is 
intended to illustrate and not limit the scope of the 
invention, which is defined by the following claims. 

35 

Claims 

1. A system for correcting an aberration in an 
optical system having an image producing ele- 

40 ment, aberration detecting means for detecting 

the aberration in the optical system for produc- 
ing a correcting signal, correcting means re- 
sponsive to the correcting signal for correcting 
the aberration, the correcting system compris- 
es ing: 

said correcting means including a liquid 
crystal panel as a spatial light modulator, 

the liquid crystal panel having a plurality of 
pixels arranged in the form of a matrix, 
so each of pixels having an individually driven 

electrode; 

driving means responsive to the correcting 
signal for producing a driving signal which is 
applied to selected electrodes for changing 
55 refractive index of each pixel so as to correct 

the aberration. 

2. The system according to claim 1 wherein the 
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liquid crystal panel is transparent. 

3, The system according to claim 1 wherein the 
liquid crystal panel is disposed at either of an 
entrance pupil, exit pupil or stop of the optical s 
system. 

4- The system according *to claim 1 further com- 
prising a polarizer disposed in front of the 
liquid crystal panel, the liquid crystal panel w 
being aligned in the same direction as the 
polarizer. 
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